This paper presents a review on the developments in catalyst technology for the reactions utilizing CO 2 for high-temperature applications. These include dehydrogenation of alkanes to olefins, the dehydrogenation of ethylbenzene to styrene, and finally CO 2 reforming of hydrocarbon feedstock (i.e., methane) and alcohols. Aspects on the various reaction pathways are also highlighted. The literature on the role of promoters and catalyst development is critically evaluated. Most of the reactions discussed in this review are exploited in industries and related to on-going processes, thus providing extensive data from literature. However, some reactions, such as CO 2 reforming of ethanol and glycerol, which have not reached industrial scale, are also reviewed owing to their great potential in terms of sustainability, which is essential as energy for the future. This review further illustrates the building-up of knowledge that shows the role of support and catalysts for each reaction and the underlying linkage between certain catalysts, which can be adapted for the multiple CO 2 -related reactions.
INTRODUCTION
Rising levels of CO 2 in atmosphere caused severe impacts, such as the increasing intensities of hurricanes, influence of El Nino phenomena, reduced calcification of marine plankton, and deglaciation (Wu and Kawi, 2009) . It is clear that it is important to stabilize CO 2 levels to prevent escalation, but it is even more ideal to reduce CO 2 concentrations in order to avoid catastrophic and irreversible environmental damage (Styring and Armstrong, 2011 ). Presently, a major practice of abating CO 2 emission involves capture and storage technologies whereby CO 2 will remain in supercritical conditions during storage (Styring and Armstrong, 2011) . Nevertheless, the transportation of CO 2 through pipelines is carried out under liquid conditions (McCoy and Rubin, 2008) and injection of CO 2 is carried out in liquid form as well (Vilarrasa et al., 2013) ; therefore, from this aspect there is no safety issue. This, however, overlooks the fact that, besides depletion of storage space, for every molecule of CO 2 stored; there is one less carbon atom participation in the carbon economy. Chemical utilization of CO 2 , being one of the major greenhouse gases, is an important step toward a mature technology that contributes to C-C cycling and reduction in CO 2 concentrations, as well as toward economic, renewable, and environmental synthesis of value added product (Ansari and Park, 2012; Aresta et al., 2013) .
One of the major concerns regarding CO 2 chemical utilization is related to the thermodynamic stability of the CO 2 molecule. Additional energy and co-reactants are required for full conversion of the CO 2 molecule into value-added products. However, recent improvement in efficiency of sustainable energy supplies, such as solar and geothermal, enhances the economical viability of CO 2 utilization. One of the technologies that are gaining prominence is the utilization of CO 2 as an oxidant for catalytic transformations under dehydrogenation as well as reforming reactions under high-temperature environments. The main highlight of this review is to focus on the utilization of CO 2 as an oxidant for alkane dehydrogenation as well as reforming of hydrocarbons to synthesis gas, which is the building block for chemical synthesis.
According to Bartholomew (1984) , the oxidizing ability of various gases in carbon gasification is in the order of O 2 (105) > H 2 O (3) > CO 2 (1) > H 2 (0.003). Among these gases, O 2 is widely used for oxidative dehydrogenation (ODH) reactions, whereas water in the form of steam is used for reforming of hydrocarbon/alcohol reactions.
OXIDATIVE DEHYDROGENATION OF ALKANES
CO 2 utilization in the ODH of alkanes has received significant attention in recent years. By co-feeding CO 2 in the ODH of light alkanes, as a "soft oxidant," the reaction equilibrium is shifted toward more olefin production (Urlan et al., 2008; Raju et al., 2014) . The ODH reaction is interesting as it can directly produce olefins, such as ethylene, propylene, and butylenes, from their respective alkane sources. These olefins are known to be building blocks in the petrochemical industry. For example, ethylene is widely used for the production of plastics, polymers, fibers, and packaging materials (Qiao et al., 2014) . The industrial synthesis of ethylene via steam cracking of hydrocarbons or naphtha is very energy consuming, and the catalysts are afflicted by coking resulting in catalyst deactivation (Qiao et al., 2014) . Therefore, it is more desirable to utilize an oxidant capable of mildly oxidizing the reaction environment in order to inhibit the coking phenomenon. Usage of molecular oxygen as oxidant can effectively reduce the reaction temperature and inhibit coking, however, issues such as low selectivity due to the production of CO x species from HCs and the need to remove excess heat of reaction prevail (Rangel et al., 2012) . However, CO 2 has been found to serve as a suitable medium for heat supply for the endothermic dehydrogenation reaction and as a coke removal agent from the catalyst (Urlan et al., 2008) . In addition, CO 2 improves olefin selectivity compared to molecular O 2 by preventing deep oxidation of the reaction products, thus improving the olefin selectivity (Liu et al., 2011) .
The general reaction pathway for the CO 2 -ODH is shown in Eq. 2.1:
C n H n+2 + CO 2 → C n H n + CO + H 2 O (2.1)
It should be noted that the olefins produced from dehydrogenation of higher alkanes, contain allylic hydrogens, which are coke precursors, being the main cause of catalyst deactivation, which in turn leads to low olefin yields. Thus, optimization of catalyst systems is of paramount importance for this process. On the other hand, the CO and H 2 O by-products can be reacted together for the production of hydrogen via the low-temperature water gas shift reaction. However, pure CO, by itself has many uses in the chemical industry especially as a secondary feedstock for production of acetic acid by methanol carbonylation process, production of phosgene, formic acid, etc.
The patented processes for ODH of hydrocarbons are usually based on the concept of utilizing oxidants, such as O 2 , CO 2 and SO 2 , coupled with steam in order to shift the equilibrium of the dehydrogenation reaction toward enhanced conversion. Steam was used to activate the catalyst as well as function as a coke removal agent via the water gas shift reaction in an invention described by Budin and Meyer (2003) . More recently, Smith (2008) described a process in which ethane and ethylbenzene are simultaneously dehydrogenated in the presence of CO 2 or steam at temperatures ranging between 500 and 700°C in the presence of catalysts comprising transition metals (V, Cr, Mn, Fe, Co, Ni, etc.) and supported on high surface area supports. This method results in the production of a mixed product feed stream comprising ethylene, styrene, ethylbenzene, ethane, hydrogen, water, CO, and CO 2 , whereby the ethane and ethylene product stream can be recycled in other processes, which include alkylation of benzene or other polymerization processes.
CATALYTIC SYSTEMS FOR CO 2 -ODH OF ALKANES
It should be noted that catalysts with redox properties, such as molybdenum-, chromium-and vanadia-based catalysts, possess high catalytic activity for the various ODH reactions of hydrocarbons (Solymosi et al., 2001; Michorczyk et al., 2012) . The main factors influencing the reaction include acid-base bifunctionality, which is important in CO 2 -mediated dehydrogenation reactions since both basic sites and Lewis-acid vacant sites play important functions in hydrocarbons activation (Deng et al., 2007; Pramod et al., 2014) .
Investigations on chromium-based catalysts supported on mixed oxides, mesoporous silica, and zeolites (Zhang et al., 2002; Takehira et al., 2004; Zhao and Wang, 2006) have been carried out for CO 2 -ODH (Nakagawa et al., 2003) . These supports possess high surface area that ensures good catalyst dispersion, which is essential for high catalytic activity and stability. Cr-based catalysts supported on zeolitic TS-1 (Zhang et al., 2002) , high silica H-ZSM-5 (Mimura et al., 2006) , and siliceous MCM-41 (Takehira et al., 2004) were shown to exhibit good activity and selectivity for the CO 2 -ODH reaction of ethane and propane. However, in spite of their high catalytic activity, reduction of the active chromium species led to catalyst deactivation. According to Takehira et al. (2004) , based on EXAFS data, the coordinatively unsaturated tetrahedral Cr(VI) represents the active site for alkane dehydrogenation; whereas the coordinatively saturated bulk Cr(III) ions are less active for alkane dehydrogenation (Cavani et al., 1996; Liu et al., 2007) . CO 2 plays an important role in regenerating the deactivated catalyst. Similar to mesoporous-based supports, the catalytic activity of chromium supported on silica was found to depend on the chromium dispersion (Botavina et al., 2008) . Based on the study by Botavina et al. (2008) , DR-UV-vis studies indicate that surface chromates with lower nuclearity possess high activity compared to Cr(VI) in the form of extended polychromates (less dispersed).
Besides supporting catalysts on the mesoporous supports, it is also possible to incorporate the catalyst within mesoporous structures. For example, Liu and Li (2006) synthesized Cr incorporated into MSU-1 (a type of mesoporous molecular sieve) and Cr supported on MSU-1, the former labeled as Cr-MSU-1 and the latter as Cr/MSU-1 for CO 2 -ODH of ethane. They found that despite higher activity for the Cr supported catalysts, especially at Cr loading >1 wt%, however, it also resulted in lower selectivity due to cracking reactions caused by a higher ratio of inactive polychromate species. Furthermore, the catalyst dispersion at higher than 8 wt% loading is severely affected resulting in the decrease of Cr(VI) species and increase in crystallite Cr 2 O 3 species . Recently, Baek et al. (2012) synthesized highly dispersed chromium oxide catalysts supported on mesoporous silica using an electrostatically controlled assembly process. A high (90%) selectivity toward propylene formation was achieved with a yield of 30% in the CO 2 -ODH of propane. Within 25 h, propane conversion reached steady state and the deactivation observed was related to coke formation and reduction of active chromium sites.
CO 2 as oxidant (Scheme 1) enhances regeneration of the reduced chromium sites formed during the dehydrogenation of propane (Eq. 2.2) and the successive reduction with H 2 (Eq. 2.3) (Michorczyk et al., 2012) , where CrO x represents the oxidized form and CrO x-1 represents the reduced form of the catalyst). Based on Scheme 1, the by-products of this reaction are CO and H 2 O, whereby CO can easily react with H 2 O producing valuable hydrogen via the water gas shift reaction:
CO 2 + CrO x−1 ↔ CO + CrO x (2.5) SCHEME 1 | CO 2 -ODH of propane to propylene over chromium oxide catalytic sites.
The consequence of promoters, such as Fe, Co, and Mn oxides, on Cr-based Cr 2 O 3 /ZrO 2 nano-composite catalysts for CO 2 -ODH of ethane was found to distinctly enhance ethylene selectivity (Deng et al., 2007) . It was observed that weak acid sites promote the ethylene formation through improved ethane activation, whereas Frontiers in Energy Research | Carbon Capture, Storage, and Utilization strong acid-base sites favor the undesired reactions of reforming and ethane cracking (Deng et al., 2007) . In addition, the oxygen species types, i.e., the lattice oxygen (O I ), oxygen in adsorbed CO 2 or carbonates (O II ), and adsorbed oxygen species (O III ), can influence the reaction rate and ethylene selectivity. Lattice oxygen species are responsible for selective oxidation of hydrocarbons, whereas the adsorbed oxygen species result in more CO x formation due to deep oxidation (Pena and Fierro, 2001; Deng et al., 2007) . Catalysts, such as Na 2 WO 4 /Mn/SiO 2 , suitable for oxidative coupling of methane reaction are also active in the ODH of ethane (Pak et al., 1998) . In fact, Han et al. (2010) patented a mixed valent catalyst system comprising synthetic cryptomelane or octahedral molecular sieve with Fe as the transition metal for the CO 2 dehydrogenation of ethane at 550°C in order to produce ethylene and CO mixtures, which are used as feedstock for the ethylene homologation to propionic acid derivatives.
The catalytic properties of vanadium oxide correlate to the supports' acid-base nature (Blasco et al., 1995) as well as on the vanadium dispersion on the support (Liu et al., 2004) . Raju et al. (2012) synthesized V 2 O 5 supported on various mixed oxides, such as SnO 2 -ZrO 2 , CeO 2 -ZrO 2 , and TiO 2 -ZrO 2 . The high surface area and superior acid-base bifunctionality of SnO 2 -ZrO 2 supported V-catalyst were found to demonstrate good catalytic activity compared to vanadia supported on single oxides. The nature of the support strongly affects reducibility of V 2 O 5 . However, in the case of CeO 2 -ZrO 2 supported V 2 O 5 , despite the slightly lower conversion caused by TiO 2 -ZrO 2 and SnO 2 -ZrO 2 supported catalysts, the total selectivity toward butylene is much higher with the main reason being participation of larger amounts of lattice oxygen species and oxygen vacancies (which are replenished by CO 2 ) forming CeVO 4 species . Evidently this is due to the redox nature of CeO 2 -ZrO 2 supports that increases oxygen mobility and facilitates oxidation/reduction of the Ce 4+ /Ce 3+ couple (de Lima et al., 2008; Postole et al., 2010) .
Mesoporous structured supports, such as MCM-41 or SBA-15, are highly favorable to improve catalyst dispersion. As such impregnation of vanadium on mesoporous siliceous MCM-41 was found to result in greater density of surface-active sites owing to large pore diameters and the stronger interaction, which exists between the active species and its support compared to amorphous silica (Solsona et al., 2001) . Furthermore, the thicker walls (31-64 Å) of SBA-15 types of mesoporous silica compared to their MCM-41 counterparts lead to greater thermal and hydrothermal stability (Liu et al., 2004) . Isolated tetrahedral vanadium oxide species containing terminal V=O groups well dispersed on the mesoporous silica at predominantly low vanadia content (in order to prevent polymerization) have been identified to be the active sites.
Early studies for ODH of alkanes were focused on co-feeding CO 2 as a promoter along with O 2 in order to improve the dynamic phenomena at the surface of oxides resulting in greater olefin yields. Thus in these works, CO 2 acted as a modulator of the oxidative properties of oxygen (Dury et al., 2003a; Park and Ansari, 2013) . Among the advantages of CO 2 introduction in the system are lower tendency for hydrocarbons combustion (whilst minimizing hot spot formation) and decrease in coking effect (Dury et al., 2003b) . Urlan et al. (2008) reported that the ODH of n-butane over titanium pyrophosphate (TiP 2 O 7 ) can be enhanced by co-feeding CO 2 in the system. However, feeding CO 2 only caused lower conversions. Similarly, increasing CO 2 partial pressures over V-Mg-O catalysts improved yield and selectivity of C 4 dehydrogenation products (Ge et al., 2003) .
The molybdenum oxide-based catalysts possess a chemistry comparable to that of vanadium oxide, due to the fact that Mo can be present as MoO x monomers, polymers, or MoO 3 crystallites. The various forms of Mo depend on the loading, support type, and catalyst preparation methods (Sattler et al., 2014) . For example, in a Mo 2 C/SiO 2 system, by co-feeding CO 2 for the ODH reaction, the benefits of CO 2 in oxidizing the Mo 2 C forming Mo-oxycarbide at higher temperatures could be observed (Solymosi and Nemeth, 1999; Solymosi et al., 2001 ). In fact, Dury et al., 2003a) reported that dissociation of CO 2 on the catalyst surface could take place due to introduction of 3% CO 2 for the ODH reaction of propane over NiMoO 4 hence inducing the oxidation of molybdenum suboxide at temperatures around 673-723 K. The presence of both molybdates and molybdenum oxides can enhance the catalytic properties of NiMoO 4 in hydrocarbon oxidation (Lezla et al., 1997; Dury et al., 2003a) . CO 2 dissociation results in formation of oxygen species that have higher selectivity compared to molecular oxygen and radical formation can be avoided.
OXIDATIVE DEHYDROGENATION OF ETHYLBENZENE TO STYRENE
The ODH of ethylbenzene (ODE) to styrene reaction is growing rapidly as a promising alternative to the current steam-based process in view of the increasing demand of styrene and its rapid market growth (Castro et al., 2013) . Styrene is an important precursor for high-value commercial products such as synthetic rubbers, polystyrene, and styrene-acrylonitrile copolymers (Ba et al., 2014) . Industrially, excess of steam is required for ethylbenzene dehydrogenation to styrene to overcome both carbon deposition and reaction thermodynamics Pramod et al., 2014) . However, being a highly endothermic process, the conversion rarely exceeds 50%. Furthermore, the production of toluene, benzene, and coke, due to side reactions, also affects the process yield and selectivity, and leads to catalyst deactivation (Rangel et al., 2012) . As aforementioned, the deep oxidation and radical formation associated with oxygen as the dehydrogenation agent led to growing use of CO 2 as dehydrogenating agent, in order to enhance styrene selectivity (97%) and prevent hot spots (de Araujo et al., 2010; Irún et al., 2013) . Via the use of CO 2 , the explosion risks associated with use of oxygen can be mitigated besides ensuring high selectivity toward styrene production (Park et al., 2005) . Park et al. (2005) in their invention described the process of utilizing CO 2 as a soft oxidant for the dehydrogenation of alkylaromatic hydrocarbons, such as ethylbenzene, in the presence of heterogeneous catalysts containing vanadium and iron in various configurations. As compared to the conventional processes, utilization of CO 2 as a"soft oxidant"enables operation at a lower temperature and provides significant energy savings along with improved conversion (Park et al., 2005) . In fact, the energy consumption for the CO 2 -based ODE process compared to steam-based is about 1.5-1.9 × 10 5 instead of 1.5 × 10 6 kcal/mol of styrene produced (Rangel et al., 2012) . In a more recent invention described by Schwint and Wilcox (2009) , the process information is described in detail. In summary, the CO 2 required for the dehydrogenation of ethylbenzene to styrene monomer can be supplied externally from the release of another petrochemical process as a recycle stream. The process steps include details on addition of steam, hydrogen, methane, or other hydrocarbon fuel to the recycle carbon dioxide stream. The CO 2 and ethylbenzene stream is heated in a heat exchanger and fed to an oxidizer having a selective oxidation catalyst. Two-stage oxidizer and two-stage dehydrogenation reactors coupled with heat exchangers are used for the conversion of ethylbenzene to styrene. With the presence of CO 2 in the feed stream, the superheated steam used for the heat exchangers is required in lower quantities than conventional ethylbenzene dehydrogenation processes. A distillation column is used to separate the dehydrogenation product mixture from the styrene monomer (Schwint and Wilcox, 2009 ).
Based on Scheme 2, the overall process is shown in Eq. 3.1, whereas the two-step pathway is presented in Eqs 3.2 and 3.3 as follows (Mimura and Saito, 2000) :
SCHEME 2 | Pathway schematic for CO2-ODE to styrene.
Based on Eq. 3.3, the produced hydrogen from the dehydrogenation step is removed as steam by the reverse water gas shift (RWGS) reaction to further shift reaction equilibrium. The simultaneous removal of coke via CO 2 gasification ensures minimization of carbon deposition and generation of undesired CO x species.
In another recent patent invention, Arnold et al. (2014) described a process of incorporating oxygen (via an oxygen selective membrane reactor, preferably made from fluorite or perovskite-based mixed oxides) along with CO 2 to promote ODE to styrene. The oxygen sources can be from high-or low-purity O 2 , enriched and atmospheric air. In fact, the supplemented oxygen can provide partial exothermic heat to the reaction, thus lowering the energy requirement of this reaction, besides maintaining the high selectivity afforded by CO 2 (Arnold et al., 2014) . The presence of an oxygen selective membrane reactor can provide advantages, such as continuous injection of oxygen from various points along the membrane reactor, thus minimizing the probability of hot spots in the catalyst bed. This invention was followed by a more comprehensive process configuration, which is inclusive of a separator section including condenser, compressor, and water as shift unit capable of converting the CO contained in the off-gas stream to more H 2 and CO 2 in order to recycle back the CO 2 into the process. Moreover, a multi-function catalyst capable of simultaneous hydrocarbon dehydrogenation as well as CO oxidation (preferably noble metal based) is utilized in this process (Arnold et al., 2014) .
CATALYTIC SYSTEMS FOR CO 2 -ODE TO STYRENE
Redox nature and acid-base properties of the catalyst are several factors, which are important to improve selectivity toward styrene production. Early research showed that iron catalysts on various supports, such as alumina and activated carbon, are promising for enhanced styrene selectivity in the CO 2 -mediated ODE reaction (Badstube et al., 1998; Mimura and Saito, 2000) . However, the existence of some disadvantages, such as low-surface area and susceptibility toward deactivation of the catalytically active Fe 3+ sites, propelled the need for promoters, such as titania (de Araujo et al., 2010; Castro et al., 2013) . For example, among the promoters, such as Ti, Al, and Zr, Ti modification showed much promise (Castro et al., 2013) . Formation of FeTiO 3 , Fe 2 TiO 5 , and FeTi 2 O 5 stable mixed oxide phases improved resistant against phase transformation and sintering and, thus, assuring high catalytic performance. However, styrene oligomerization occurred while the formation of carbon was increased due to ethylbenzene cracking (Castro et al., 2013) .
Iron oxide doping on ceria-based catalysts can result in formation of Ce 1-x Fe x O 2 solid solutions, which performed better than ceria-based Zr, Ti, Pr, and Y mixed oxides (Wang et al., 2014a) . The Ce 1-x Fe x O 2 solid solutions were synthesized via the hydrothermal method resulting in a highly dispersed Fe 2 O 3 on the surface of the Ce stabilized structure (Wang et al., 2014a) . Raman analysis was used to confirm the solid solution formation with Fe 3+ in the CeO 2 lattice. Even though Fe 3+ doping can potentially improve the reaction kinetics (Wang et al., 2014a) , however, it has a lower energy for the formation of oxygen vacancies, compared to the un-doped system. These oxygen vacancies are crucial in promoting rapid oxygen exchange between Ce 4+ and Ce 3+ redox sites (improving oxygen storage capacity of ceria), thus enabling iron to maintain its high shift activity promoting. In addition, CO 2 adsorption and activation were enhanced leading to a 13% higher conversion values .
Another widely investigated series are the vanadium-based catalysts. By substituting vanadium in Mg-Al hydrotalcite catalysts, the Mg-V-Al mixed oxides with high surface area and mesoporous characteristics were produced, and found to be favorable for the ethylbenzene dehydrogenation to styrene under CO 2 flow (Carja et al., 2003) . Moreover, V 5+ was identified to be the active site for the dehydrogenation process (Carja et al., 2003) . The major properties of this catalyst are the weak Lewis acid sites contributed by aluminum, which reduce the catalyst deactivation, in addition to its high surface area contributed by the mesoporous characteristics.
Vanadium was also doped on titanium oxide using the acidcatalyzed sol gel technique, which was shown to be an effective technique to systematically synthesize the catalyst at the required ratio ). The authors demonstrated that the optimal loading of 6 mol% V 5+ resulted in diminution of the particle size favoring formation of small crystallites, caused by incorporation of vanadia into TiO 2 .
Capitalizing on the oxygen vacancy effect, Rao et al. (2009) and Burri et al. (2013) investigated the effect of ceria on the structure and catalytic CO 2 -ODE reaction activity of V 2 O 5 /TiO 2 -ZrO 2 catalyst. This research group had previously noted that titania-zirconia mixed oxides exhibited excellent catalytic activity and selectivity for the CO 2 -ODE to styrene reaction in view of the high specific surface area, good acid-base and redox properties, coupled with the mechanical and thermal stabilities of the TiO 2 -ZrO 2 mixed oxides (Burri et al., 2007; Reddy et al., 2008) . In their catalyst system, the formation of crystalline ZrTiO 4 spinel phase along with ZrV 2 O 7 and CeVO 4 phases was also observed. A high product selectivity of 98% and ethylbenzene conversion of 56% were obtained over the ceria-doped catalyst. The presence of ceria was found to be critical in retarding the catalyst deactivation rate due to its redox properties, which minimized carbon deposition.
In addition, Burri et al. (2007) have also explored the use of high surface area mesoporous silica, such as SBA-15 supports for the redox-based CeO 2 -ZrO 2 mixed oxide catalysts. A significant enhancement in ethylbenzene conversion from 21 to 65% at reaction temperatures ranging from 723 to 923K could be observed in their catalyst system. The catalyst redox nature ensured greater oxidation-reduction activity at the higher temperatures based on the surface changes, which evolved and resulted in greater availability of surface oxygen (Burri et al., 2007) .
MCM-41, another type of mesoporous silica, has also been employed as a high surface area support for vanadia catalysts (Qiao et al., 2009 ). An improved catalyst dispersion on the mesoporous silica compared to the conventional silica support was proven by Raman spectra, which showed the presence of strong bands of isolated tetrahedral VO 4 (Qiao et al., 2009 ).
CO 2 (dry) REFORMING OF HYDROCARBON/ALCOHOL CO 2 REFORMING OF METHANE
Methane is the simplest hydrocarbon molecule, of which hydrogen is the main product. Steam reforming of methane is the most common reaction, which is in industrial application. However, in view of global warming phenomenon due to excessive greenhouse gas emission, CO 2 dry reforming of methane (DRM) has emerged as an attractive alternative. DRM reaction results in production of syngas (consisting of H 2 and CO in the ratio of 1:1) (Eq. 4.1) and can be used as an important feedstock for industrial processes, such as hydrocarbonylation and hydroformulation reactions (Vasant and Kartick, 2006) . Dry reforming of methane is a highly endothermic reaction (Eq. 4.1), and thus performs better at higher temperature especially in the range between 700 and 900°C (Bradford and Vannice, 1999) :
The main side reaction involved is the simultaneous occurrence of RWGS reactions (Eq. 4.2) that produces more CO. The steam produced plays a role in gasifying carbon deposited in the reaction (Eq. 4.3):
Methane dissociation (Eq. 4.4) as well as CO disproportionation (Eq. 4.5) is the main reactions involved in carbon deposition, which causes eventual catalyst deactivation and plugging of the reactor (Zhu et al., 2008) :
Transition metal catalysts, such as Ni, are known to be highly active in the catalytic DRM reaction and comparable to noble metal catalysts. However, the transition metal catalysts are susceptible to carbon deposition (Wang et al., 2014b) . Therefore, great importance is placed on design and synthesis of highly active, stable, and economically viable catalyst system, which can inhibit the coke formation while maintaining high catalytic activity for the DRM reaction. Van et al. (2006) described a process for the combined reforming of steam with CO 2 for hydrocarbon reforming. The process temperature is maintained by routing part of the hot product gas from partial oxidation reaction which takes place at the exterior of the reactor tubes in the reactor vessel. In general most of the processes for steam reformers can be adapted for CO 2 reforming. In terms of reactor design, the inner passageways are metal conduits aligned co-axially with the reactor conduit, and are capable of facilitating heat transfer (from partial oxidation reaction) to the reformer. In a recent invention, Olah and Prakash (2013) advocated the method of forming methanol, in which the DRM reaction is combined with the conventional steam reforming of methane at a specified ratio in a process described as bi-reforming reaction. In this reaction, the methane, CO 2 , and water are reacted in the ratio of 3:2:1 as shown below:
The bi-reforming reaction catalyzed on a Ni-supported on high surface area or nanostructured support is able to suppress coke formation and produces syngas in the ratio of 2H 2 :CO (Olah and Prakash, 2013) . This ratio is the right amount required for methanol production, which is used as a building block in the chemical industry. Besides, methanol also provides an environmentally friendly alternative to diesel fuel due to its cleaner emission.
In order to ensure thermoneutrality of the process, air/O 2 -rich gas can be supplied to the system. In fact, Saudi Arabian Oil Co. has filed for a patent application on the utilization of a multicomponent catalyst system comprising Ni, Rh, Re, and Pt metals with Ce 2 O 3 , La 2 O 3 , and ZrO 2 mixed oxides to reform petroleum fuel to H 2 -rich syngas. Combustion, steam, and/or CO 2 reforming of the petroleum-based fuel is carried out simultaneously in the interior zone of a reactor for syngas production (Al-Muhaish et al., 2015) .
Noble metals
Dry reforming of methane process generally is catalyzed by either noble metals (Rh, Ir, Pt, Rh) or some transition metal catalysts, such as Ru and Ni. Noble metals are used for their resistance to corrosion and oxidation, high activity, and good carbon resistance (Obradovic et al., 2013) .
A series of noble metal catalysts (Rh, Ru, Ir, Pt, and Pd) supported on alumina-magnesia spinel compound was studied by Rezaei et al. (2006) . Rhodium and ruthenium were shown to exhibit high activity and stability compared to the rest. This was attributed to the formation of more reactive carbon, which was identified as C γ or superficial carbide. On the other hand, the lower stability of Pd catalyst was caused by the formation of less reactive whisker carbon. Zhang et al. (1996) studied the effect of Rh catalysts and found the specific activities to be strongly dependent on catalyst support as well as the metal particle size (Zhang et al., 1996) . In general, the activities were found to increasing with metal particle size. By using different kinds of support, it was found that the deactivation rates showed decreasing order of Rh/TiO 2 > > Rh/Al 2 O 3 > Rh/SiO 2 . The poor stability of Rh/TiO 2 was attributed to its strong metal support interaction (SMSI) effect, whereas the inert nature of the SiO 2 support resulted in an almost negligible metal support interaction. Yokota et al. (2002) were another group who studied the effect of Rh catalyst and found that higher surface area supports were vital to improve Rh dispersion. With increasing Rh dispersion, turn over frequency (TOF) was found to decrease. Therefore, TOF for CH 4 conversion decreased in the order of Rh/TiO 2 > Rh/La 2 O 3 = Rh/CeO 2 > Rh/ZrO 2 = Rh/MgO = Rh/SiO 2 = Rh/MCM-41 > Rh/γ-Al 2 O 3 . Detailed investigations using XANES revealed that Rh existed as metal on TiO 2 whereas Rh on Al 2 O 3 possessed a cationic character. This led to a conclusion that Rh was structure sensitive in DRM reaction. Mark and Maier (1996) found that TOF over Rh, Ru, Ir, Pt, or Pd-supported catalysts did not significantly depend on metal dispersion, which is in contrast with the results of Yokota et al. (2002) . They observed that the support was only influencing the stabilization of metal surface area, which was responsible for the catalyst activity. Hence, they postulated that under reaction controlled temperatures, it was sufficient to consider only the accessible metal surface area. Erdöhelyi et al. (1994) conducted an in-depth investigation on Pd-based catalyst for CO 2 reforming of methane. According to them, the decomposition of methane resulted in yielding hydrogen and small amounts of ethane and ethlyene. Although carbon deposition was observed, however, at the stoichiometric feed ratio (1/1) of CH 4 and CO 2 , the amount was rather low. Therefore, they concluded that at high reaction temperatures, Pd supported catalysts exhibit high catalytic activity with no or only very little carbon deposition.
Platinum (Pt) supported catalyst was also widely investigated for the DRM reaction. Souza et al. (2001 Souza et al. ( , 2002 ) investigated on Pt/Al 2 O 3 and Pt/ZrO 2 catalysts for DRM reaction. They found that Pt/Al 2 O 3 catalyst showed fast deactivation during DRM reaction as a result of high carbon deposition rate. However, by introducing a small amount of ZrO 2 (>5%) to Pt/Al 2 O 3 catalyst, the activity and stability were tremendously improved. The presence of Pt-Zr n+ interfacial sites was the main reason attributed to low carbon deposition, which rendered higher stability and activity of ZrO 2 promoted Pt/Al 2 O 3 catalyst. In fact, Bitter et al. (1999) and Nagaoka et al. (2001) also reported that the stability of Pt catalysts increased in the order of Pt/ZrO 2 > Pt/TiO 2 > Pt/γ-Al 2 O 3 , whereas the carbon formation rate decreased in the order of Pt/ZrO 2 < Pt/TiO 2 << Pt/γ-Al 2 O 3 . Hence, even though Pt is a noble metal, these findings indicate that deposition of carbon which blocks the active metal site was the main cause of deactivation of the platinum-supported catalysts.
In addition, there have been studies on the low metal loadings of the noble metals as means of reducing the implications of cost. For instance, Bitter et al. (1999) utilized a loading as low as ca. 0.5-1 wt% Pt on zirconia to study deactivation and coke accumulation during DRM reaction. They found that the size of the Pt particles and the stability of the carbonates formed on the support (from CO 2 activation) to be the critical factors in influencing carbon formation rate. Smaller Pt particles as well as supports favoring carbonate formation are favorable in promoting the catalyst stability during the DRM reaction.
Ni supported metal oxide
However, in order to enhance the catalytic performance, without doubt higher loadings of active metals are required. Nickel, among non-noble metals, is the only one from Group 8 transition metals that has comparable activity to noble metals (Gao et al., 2011) . Nevertheless, as aforementioned, nickel catalysts are more susceptible to catalyst deactivation due to carbon formation. As such, an immense requirement for investigation on suitable catalyst supports or promoters to be used to eliminate the extensive carbon formation on Ni-based catalysts.
Several studies have been carried out in order to rationally synthesize Ni-based catalysts in order to provide high activity and improved carbon resistance. Some of the nickel-based catalysts synthesized include bimetallic catalyst, supported Ni catalyst, perovskite-based and Ni core-shell structured catalysts.
According to Ruckenstein and Hu (1996) , addition of various promoters, such as La 2 O 3 , MgO, BaO, and CaO to the catalyst system are found to benefit DRM activity in terms of decreasing coke formation (Pakhare et al., 2014) . Similarly, Zhao and Wagner (2004) have patented the calcium promoted Ni supported on calcium aluminate catalyst for the CO 2 -steam reforming of methane. The Ni supported on calcium aluminate catalyst was found to be not only coke resistant, but also able to tolerate sulfur compounds at concentrations between 1 and 20 ppm. The calcium promoter was able to enhance the catalyst surface and porosity and displayed higher activity index compared to conventional Ni supported on alumina catalysts. Moreover, addition of these promoters can result in strong metal-support interaction, as well as lattice oxygen mobility, which are of prime importance in this reaction. For example, promotion of Ga 2 O 3 on inert SiO 2 support resulted in activation of CO 2 , thus forming surface carbonate and hydrogen carbonate species which provided higher catalytic stability and coke resistance on Ga 2 O 3 -promoted SiO 2 -supported Ni catalyst (Pan et al., 2010) . In another study, Mo et al. (2014) studied the effect of La 2 O 3 on SiO 2 supported Ni nano-catalyst. The Ni nano-catalyst was synthesized using a facile and economical in situ self-assembled core-shell precursor route via incipient wetness co-impregnation method. In this method, oleic acid was used to ensure formation of Ni nanocatalysts with particle sizes less than 3 nm. The catalytic DRM performance could be significantly improved with promotion of only 1 wt% La 2 O 3 , whereby near equilibrium CO 2 and CH 4 conversions (above 80%) at 973 K could be achieved. Furthermore, due to the good catalyst dispersion, negligible carbon deposition could be attained even after 100 h on stream at gas hourly space velocity of 72,000 g. Similarly, the positive influence of the basic borated-alumina (B 2 O 3 -Al 2 O 3 ) supported Ni-catalyst profoundly influenced the catalytic DRM performance (Ni et al., 2012) . The authors proposed that the surface hydroxyl (OH) groups present on the catalyst surface were crucial in oxidizing surface carbon species from dissociation of methane molecules in order to maintain catalytic stability.
The importance of basicity was explored by another recent investigation on the effect of Sr over the catalytic DRM performance of Ni-La 2 O 3 catalysts (Sutthiumporn and Kawi, 2011) . The Sr-doped Ni-La 2 O 3 catalyst significantly enhanced the DRM process even temperatures as low as 873 K coupled with low carbon deposition. The highly mobile surface oxygen species present on the catalyst system played an important role in C-H activation for the higher activity, and adsorbing adsorb CO 2 molecules in order to form bidentate carbonate species for carbon removal (Sutthiumporn and Kawi, 2011) . Similarly, alkaline promoter, such as magnesium oxide, was also studied on the Ni/La 2 O 3 systems. In fact, it is widely known that MgO possess basicity and has the same crystal structure as NiO, hence can easily form the nonreducible basic solid solution of Ni x Mg (1-x) O, which is important to improve basicity and catalyst dispersion (Arena et al., 1991) . Based on the study by Ni et al. (2013) , the loading of 5 wt% Ni on a MgO promoted La 2 O 3 support at the optimal mole ratio of 10 Mg 2+ /La 3+ resulted in generation of highest amount of monoclinic lanthanum oxycarbonate species and surface adsorbed oxygen ions which are able to oxidize deposited carbon (Ni et al., 2013) .
Bimetallic catalysts
Bimetallic structures involves alloying with a second metal (either a noble metal or another transition metal) in order to modulate the catalyst properties by causing a "synergistic" effect between the two metals (Sankar et al., 2012) . For instance, the effect of Pd on Ni-based catalysts supported on yttria was tested by Oemar et al. (2011) for the oxidative DRM reaction. The bimetallic Pd-Ni species enhanced the metal support interaction. Furthermore, the presence of α-oxygen on Y 2 O 3 surface played an important role in C-H bond scission of CH 4 as well as oxidation of the deposited carbon. However, the surface α-oxygen amount is very low; hence a small amount of oxygen was co-fed for the DRM reaction in order to ensure regeneration of the α-oxygen and thus maintaining the stability of the catalyst.
Besides noble metals, other transition metals can also be used to form alloyed bimetallic structures. For example, Zhang et al. (2007b Zhang et al. ( , 2008 synthesized various Ni-Me (Me = Co, Fe, Cu, or Mn) bimetallic catalysts in the hydrotalcite structure of Ni-CoAl-Mg-O using the coprecipitation method. Ni-Co was shown to exhibit the best results with respect to DRM catalytic stability and activity. A 2000-h DRM catalytic stability test was successfully conducted with negligible catalyst deactivation. This bimetallic catalyst composition containing the dual-active catalyst components of Ni and Co and tested active for DRM was patented by the authors and tested for high gas hourly space velocity between 2000 and 2,000,000 ml/gcat h -1 . This catalyst system can be prepared by various techniques including co-precipitation, sol gel, impregnation, and homogeneous precipitation.
Perovskite catalysts
Another group of structured type catalysts, i.e., perovskite-type represented by the general formula ABO 3 have been widely investigated for high-temperature reactions, such as DRM due to their high thermal stability (Pena and Fierro, 2001, Moradi et al., 2014) . In general, the B-site cation is surrounded octahedrally and the A-site cation is located in the cavity made between these octahedral sites. The lattice parameter and unit cell dimensions can be modified by A-site ion substitution in these structures offering the possibility of varying the dimensions of the unit cell. Thus, accordingly, the covalence of the B-O bond in the ABO 3 structure can be modified (Fan et al., 2009 ). Replacement of A-and/or B-site cations by other metal cations leads to formation of lattice defects, which are crucial for O 2 -adsorption and oxygen mobility within the crystal structure, in order to promote catalytic activity.
For the DRM reaction, the perovskite catalyst structure generally consists of rare earth elements, such as lanthanum in the A-site, and transition metal elements, such as nickel (active centers for methane activation) in the B-site. According to Batiot-Dupeyrat et al. (2003) , the LaNiO 3 perovskite-type oxide is reduced under hydrogen atmosphere in three steps. In the first reduction step The well-defined perovskite structure and their interesting redox properties and accessibility enable attainment of nanometer sized metallic particles under reducing environment (Valderrama et al., 2010) . Thus, this leads to desirable properties to maintain catalytic activity and stability under the high-temperature reaction environment. The La 2 NiO 4 perovskite-type catalyst (with A 2 BO 4 structure) was found to demonstrate higher catalytic activity compared to supported Ni/La 2 O 3 or LaNiO 3 catalyst due to formation of even smaller nickel particle after reduction (Gallego et al., 2006) . The reduction treatment is an important parameter to mitigate carbon deposition on the La 2 NiO 4 catalyst. This is due to limitation in La 2 O 3 sites for the un-reduced La 2 NiO 4 catalyst, which resulted in lower CO 2 activation in order to completely facilitate carbon removal.
In fact, both the A-site and B-site of the perovskite catalyst can be substituted in order to enhance the catalyst performance. Sutthiumporn et al. (2012) found that lattice oxygen species in the partially substituted La x Sr 1-x Ni y Me 1-y O 3 (Me = Fe, Cu, Co, Bi) perovskite catalysts are crucial in activating the C-H bond of the CH 4 molecule for improved reactant conversion at lower temperature DRM reaction. In addition, carbon formation can be suppressed due to the reaction with CO 2 to form La 2 O 2 CO 3 . Substitution of Cu to the LaSrNiO 3 catalyst was found to initially display high CH 4 conversion; however, particle agglomeration resulted in subsequent carbon formation causing lower catalytic stability. On the contrary, substitution of Fe resulted in high activity and stability at prolonged reaction time (despite low initial activity) owing to increased mobility of lattice oxygen species under the reducing reaction environment.
Spinel-type oxide Ni-based catalysts of formula ABO 4 or A 2 BO 4 are variations to the structured cubic perovskite (Corthals et al., 2008) . The sub-stoichiometric spinel structures possess high activity due to high dispersion of NiO into the spinel and thermal stability. Gallego et al. (2008) exhibited high catalytic activity using reduced La 2 NiO 4 as catalyst precursor for DRM at 973 K, with a conversion rate of 85 and 93% for CH 4 and CO 2 , respectively, and inhibition of carbon formation even after 160 h of experiment. Based on their explanation, the absence of carbon deposition was due to the enhanced reaction between La 2 O 2 CO 3 and the Ni-CH x species, thus producing the product syngas. Moreover, formation of the small nickel particles (average diameter of 7 nm) upon reduction was crucial in preventing agglomeration and site for carbon growth.
Spinel structures such as NiAl 2 O 4 formed as a result of hightemperature calcinations result in SMSI (Jimenez-Gonzalez et al., 2015) . However, they require high reduction temperature for catalyst activation. Moreover, according to Bhattacharyya and Chang (1994) , the γ-alumina in the NiAl 2 O 4 spinel structure formed via solid-state reaction can lead to gradual transformation to the α-phase especially over prolonged reaction time at hightemperatures. This causes a decline in catalyst performance due to sintering of the alumina support. In order to overcome this phenomenon, LaAlO 3 perovskite oxide phase was pre-formed on alumina-based support and upon calcinations and further impregnation with Ni, a predominantly "inverse" surface nickel aluminate was formed. The formation of this phase could favorably hinder the phase transformation of the γ-alumina to undesirable lower surface area α-alumina phase (Kathiraser et al., 2013a,b) . Pakhare et al. (2013a) have recently reported the synthesis of structurally stable lanthanum-zirconate pyrochlores (La 2 Zr 2 O 7 ). In general, the pyrochlore structures (A 2 B 2 O 7 ) are crystalline thermally stable ternary metal oxides with a cubic unit cell. Typically, the A-site is a rare-earth element (such as lanthanum) and the B-site consists of a transition metal element with smaller ionic radius. CO 2 activation on La site of the Rh modified lanthanumzirconate pyrochlore was proven (by means of isotopic pulsing) to take place via formation of three polymorphs (types I, Ia, and II) of La 2 O 2 CO 3 , of which only type II is reactive. The authors have also studied the interesting effects on DRM reaction by promotion with metals, such as Rh, Pt, and Ru in the pyrochlore structure (Gaur et al., 2012; Pakhare et al., 2013b) . These effects include (i) formation of vacancies at the O sites during synthesis, which enhance oxygen ion migration, thus minimizing oxidation of deposited carbon and (ii) the ability to isomorphically substitute the catalytically active Rh, Pt, and Ru metals into B-site, whereby they do not sinter at high DRM temperatures (Pakhare et al., 2014) .
Core-shell catalysts
Core-shell type of catalysts in the form of metal-at-metal oxide nanoreactor structure has been widely studied for high-temperature reactions due to enhanced resistance to sintering caused by partial blocking by the peripheral silica shells. However, just recently, attempts have been made for investigating such catalysts for DRM reaction. Li et al. (2014a) developed Ni-at-SiO 2 core-shell catalysts and investigated effect of shell thickness modifications for the DRM reaction. Formation of nickel phyllosilicate species was found to impart high catalytic stability at 1073 K due to strong interaction between Ni core and silica shell . In a further progress, Li et al., 2014b) successfully tuned the specific surface area in order to achieve specific surface area controllable Ni-at-Ni embedded SiO 2 , yolk shell nanocomposites, which lead to higher specific surface area, higher Ni dispersion, and stronger interaction between Ni species and SiO 2 . The preparation method involved a facile self-templating method via the transformation of Ni phyllosilicate, which displays greater DRM reactivity due to easier access of reactants to Ni active sites. These desirable properties led to improved conversion and high stability even at the lower reaction temperature of 973 K (Li et al., 2014b) . Since basicity is an important factor especially for CO 2 activation and further carbon gasification, Li et al. (2014c) further treated Ni@SiO 2 nanoparticles with Mg(NO 3 ) 2 forming Ni-Mg phyllosilicate shell. The treatment duration of 10 h was found to be the optimal treatment time in order to ensure sufficient exposure of active Ni metal, while at the same time, stabilizing the Ni particles. This method was successfully applied for DRM reaction at 973 K, achieving high catalytic activity and stability, with negligible carbon deposition even after 95 h time on stream.
CO 2 (dry) REFORMING OF ETHANOL
Besides methane, CO 2 reforming of alcohols, especially ethanol have begun to attract considerable research interest in recent years. Ethanol has been proposed as raw material for various applications in recent years, since it can be feasibly produced from various biomass sources, such as energy crops, residual materials from agroindustry or forestry, and organic/gasifiable fractions of municipal solid waste via biochemical processes . Most of the catalytic studies in recent years focus on steam reforming of ethanol. However, the growing interest in CO 2 reforming of ethanol augurs well in terms of socio-environmental considerations to reduce greenhouse gases and make this a truly sustainable process.
There are several advantages associated with CO 2 reforming of ethanol, such as being renewable, biodegradable and easily transportable, and compared to methane (which is non-renewable and highly explosive), ethanol is comparatively less dangerous and toxic (Wu and Kawi, 2009 ). Hence, ethanol can be considered as an economically viable alternative green power source, which results in low pollutant emissions and controlled combustion (Tsiakarasa and Demin, 2001 ). In addition, relatively lower temperatures are required for a thermodynamically favorable reaction, where DRE is thermodynamically favorable above 318°C, compared to DRM (above 642°C) (Puolakka and Krause, 2007) .
The main reactions involved in DRE are as follows: In this stoichiometric reaction, syngas is produced in a theoretical ratio of 1:1, which is similar to DRM process, thus making it suitable for production of some liquid hydrocarbons or oxygenated hydrocarbons (Zhu et al., 2008) .
However, other types of side reactions are also prone to take place in parallel during the DRE reaction, such as ethanol decomposition, dehydration reaction, and RWGS reaction (Wu and Kawi, 2009) Generally, the goal of this reaction is to maximize hydrogen production. Based on the reaction enthalpies, we can see that reaction 4.8 is the most kinetically favored at high-temperatures compared to reactions 4.9 and 4.10 (favored at intermediate reaction temperatures) and reaction 4.11 (favored at low-reaction temperature).
Carbon deposition is also prevalent issue in the DRE reaction and the reactions pertaining to carbon deposition are ethanol decomposition (Eq. 4.12), methane decomposition (Eq. 4.13), ethylene polymerization (Eq. 4.14), and Boudouard reaction (Eq. 4.15):
As we can see, the above carbon producing reactions are mainly from by-products of the initial reactions. In fact, the carbon can be harnessed as carbon nanotube, a material which is rapidly gaining widespread attention due to its many features, such as high porosity, high mechanical strength, high thermal conductivity, low-specific weight, and chemical inertness, and is promising for potential applications in chemistry and physics (Blanchard et al., 2008; Khavarian et al., 2014) . Blanchard et al. (2008) described a process whereby CO 2 was reformed with ethanol to syngas and a part of the CO 2 was "sequestered" under the form of carbon nanofibers (CNF) and multi-walled nanotubes (MWNT).Their reaction mechanism was targeted to be as follows:
The formation of carbon during catalytic reforming can be of various types, i.e., graphitic, amorphous, resinous, coal-like, filamental, and nanotubes. Hence, it is crucial that in order to obtain optimally pure and homogeneous of the end product, preconditioning, and optimal setting of reforming parameters, such as reaction temperature, gas hourly space velocity, and catalyst particle size is crucial in affecting the condition of the deposited carbon (Rostrup-Nielsen et al., 2002; de Llobet et al., 2015) . In fact, based on a cost analysis conducted by Abatzoglou et al. (2006) , it was estimated that the break even cost for a techno-economically sustainable process of multi-walled carbon nanotube production from ethanol dry reforming can reach a price of around US$1.0/kg carbon nanotube. From the reaction (4.16) quoted, carbon formation is targeted along with syngas.
In these reforming conditions, the syngas ratio is lower than the complete dry reforming process (Eq. 4.1), but it sequesters the CO 2 carbon in an inert solid form, which is readily removable from the non-porous catalyst surface (Abatzoglou et al., 2006) . Therefore, if the quality of the carbon sequestered is high enough in the form of carbon nanotubes, then it would constitute a major revenue source besides synthesis gas as energy vector or raw material for chemicals synthesis and also the associated carbon sequestration credits (Abatzoglou et al., 2006) .
However, when syngas production is the desired outcome, it should be noted that higher hydrocarbons generate more carbonaceous species. For example, via steam reforming reactions, thermodynamic calculations reveal that 1.17 mol C/mol butanol could be observed at 573 K (for steam reforming of butanol at water-to-butanol ratio of 1) compared to 0.58 mol C/mol ethanol at the same conditions for steam reforming of ethanol (Wang, 2011) . Operational parameters can further influence the outcome of the reaction. For example, the effect of temperature on carbon formation was analyzed thermodynamically by Jankhah et al. (2008) , and thermodynamically, a drastic drop in carbon yield takes place above 550°C, especially at greater CO 2 /ethanol ratio at temperatures above 750°C.
Catalyst selection for DRE
Similar to DRM reaction, noble metals and Ni-based catalysts play an important role in the catalytic conversion of DRE reaction, whereby optimization studies of these catalysts are important in order to achieve high activity and selectivity, as well as overcome catalyst deactivation.
In terms of noble metal catalysts, Rh has been shown to display high activity, stability, and low coke formation for the CO 2 reforming of methane and steam reforming of ethanol reactions. In fact, in terms of steam reforming of ethanol, the order of activity for metals is as follows: Rh > Pd > Ni~Pt (Wu and Kawi, 2009 ) As such, Wu and Kawi (2009) studied the DRE reaction with ultra-low loading of 1 wt% Rh supported on Ce incorporated SBA 15 catalysts. As aforementioned, the main benefits of mesoporous silica supports such as SBA 15 are their high surface area, uniform pore size which is tunable from 4.6 to 30 nm and thick wall (around 4 nm) (Wu and Kawi, 2009 ); which place emphasize on their enhanced stability rendering properties. Furthermore, by incorporating Ce in the SBA 15 structure, the surface oxygen mobility of the catalyst surface can be enhanced due to the redox ability of the Ce 4+ ↔ Ce 3+ species (Lee et al., 2008) . The key factors behind the successful implementation of Rh/Ce-SBA 15 catalysts for syngas production from dry reforming of ethanol (DRE) are due to the mobility of surface oxygen species (attributed to Ce incorporation in SBA 15) as well as the good dispersion of Rh over the Ce/SBA 15 catalyst support. The highest amount of hydrogen production was achieved at the optimal Ce/Si molar ratio of 1/20. Even upon increasing the reaction temperature up to 750°C, the hexagonal mesopores of the Ce/SBA 15 structure was found to remain intact.
In another study, CO 2 as a co-feed to ethanol steam reforming was carried out over Pt/ceria catalysts (de Lima et al., 2010) . Compared to Ni-based catalysts, carbon diffusion does not take place on noble metals, however, carbon may encapsulate the metal particle or cover the support, thus causing catalyst deactivation. In view of this, de Lima et al. (2010) studied the effect of adding CO 2 to the feed in order to shift the equilibrium in favor of the reactants, which can help mitigate carbon deposition. Via this approach, they proposed that CO 2 may be recirculated from the outlet stream of the proton exchange membrane fuel cell. The positive effects of CO 2 in favoring catalytic stability and favoring formation of CO and acetaldehyde over carbon deposits were clearly demonstrated based on the IR bands obtained over DRIFTS spectra. In brief, the ethoxy species undergo ODH to acetate via addition of O provided by the support from species such as by bridging OH group (during steam reforming) or O adatom by CO 2 dissociation at vacancies (during dry reforming). Hence, the acetate further undergo demethanation to form carbon intermediates and further reform CH x species. Hence, a carbon cleaning mechanism is proposed by the authors, whereby CO 2 competes with ethanol for the same adsorption sites, thus reducing the rate of decomposition of the adsorbed intermediate species. Hence, this was found to directly impact rate of CH x species formation, thus reducing catalyst deactivation, by enhancing more CO production (de Lima et al., 2010) . Hu and Lu (2009) have studied the DRE reaction over conventional Ni/Al 2 O 3 catalysts. Based on their observations, at CO 2 /ethanol ratio of 1, ethanol decomposition dominates, leading to CO/H 2 ratio much lower than 1. In order to enhance reforming of ethanol, increasing CO 2 /H 2 ratio to 5, resulted in lowered production of side products such as CH 4 , acetaldehyde and coke, and facilitated DRM and coke gasification. They postulated that employing excess CO 2 at high-temperatures could enhance the efficiency of coke elimination and resulted in selectivity toward more syngas production. These observations were consistent with Bellido et al. (2009) who investigated the performance of Ni/Y 2 O 3 -ZrO 2 supported catalysts for DRE at various temperatures and reported that greater selectivity toward syngas production could be achieved by manipulations of the system parameters and reaction conditions. This was because carbon accumulation blocks the metallic active sites and enhances ethanol dehydration and thermal decomposition of ethanol, which increases the methane and C 2 H 4 production.
Recently, Zawadzki et al. (2014) studied DRE reaction over Ni supported on Al 2 O 3 , CeO 2 , MgO, and ZrO 2 by impregnating the oxide with a solution of Ni(NO 3 ) 2 in methanol. Their study was aimed to verify the use of methanol in the preparation method and its effect on the different oxide-based supports. Ni/Ce was found to result in higher syngas production compared to Ni/Al, Ni Zr, and NiMg catalysts. However, NiCe also showed the highest proportion of filamentous carbon species compared to amorphous carbon compared to the rest of the catalysts, proven based on Raman and SEM analysis. The fine dispersion of Ni o on this sample characterized by the smaller Ni o particles suggest the favoring toward formation of filamentous carbon at low growth rate, due to the low driving force for carbon diffusion through small crystals (Zawadzki et al., 2014) .
Carbon steel catalysts have also been explored for the DRE reaction for hydrogen and carbon nanotube production. OliveiraVigier et al. (2005) investigated the use of recyclable and longlasting SS 316 catalyst for DRE reaction and successfully obtained a hydrogen yield that is 98% of the theoretical value. Likewise, Blanchard et al. (2008) and Jankhah et al. (2008) have also used carbon steel catalyst to evaluate the production of syngas and nanocarbons via DRE. High yields of hydrogen and carbon could be produced at the relatively low temperature of 550°C. In summary, ethanol decomposition and dry reforming were the main reaction pathways for the production of hydrogen and carbon nanotube via carbon steel catalyst for the DRE reaction. Based on the TEM results of carbon nanofilaments (CNFs) obtained from ethanol dry reforming, Jankhah et al. (2008) concluded the following:
(1) The CNFs consist of graphite sheets that not concentric to the internal empty tube, but instead are rather oblique to the tube axis. (2) The CNFs are both in the form of rectilinear and helicoidally arranged, and in certain cases, each CNF contain more than one grain.
CO 2 (dry) REFORMING OF GLYCEROL
Natural gas obtained from shale gas technology is a non-renewable source of energy which requires energy intensive processing. Depletion in fossil fuels and natural gas reserves prompted researchers to find ways in utilizing renewable resources for reforming processes. In this aspect, biofuels like ethanol and biodiesel are gaining considerable significance (Wang et al., 2009) . Glycerol, an oxygenated hydrocarbon, is a byproduct of the biodiesel production process by transesterification of vegetable oils and methanol (Wang et al., 2009) . In recent years the process of producing hydrogen/syngas from glycerol reforming is becoming increasingly important due to the green chemical properties of glycerol such as non-toxic, non-volatile and non-flammable (Kale and Kulkarni, 2010) . Most investigations are based on autothermal/steam reforming of glycerol (Zhang et al., 2007a; Adhikari et al., 2008; Valliyappan et al., 2008) , however, in recent years, there is increasing research being carried out for dry reforming of glycerol (DRG). This is because steam reforming of glycerol results in significant H 2 production with high H 2 /CO ratio, thus rendering the reaction products inappropriate for the downstream Fischer Tropsch synthesis for production of gasoline. As such, water/steam needs to be replaced with CO 2 in order to maintain the H 2 /CO ratio <2 .
Furthermore, research on CO 2 DRE has shown that CO 2 can be sequestered and carbon deposits in the form of CNFs can be formed. These CNFs have commercial potential. Likewise glycerol dry reforming can also be expected to facilitate CNFs production (Kale and Kulkarni, 2010) . These high values inert carbon can result in removal of CO 2 from the carbon biosphere cycle (Wang et al., 2009) .
According to Wang et al. (2009) , the main reactions which may take place during DRG are as follows: Based on the main reactions, we can see that the carbon producing reactions are mainly from methane decomposition (Eq. 4.23) and Boudouard reactions (Eq. 4.26). Thermodynamic analysis conducted by Wang et al. (2009) and Cheng et al. (2012) showed that temperatures between 800 and 1000 K at 1 atm pressure represent the best conditions for optimal DRG performance. Methane, an undesirable by product is produced via CO (Eq. 4.18) and CO 2 hydrogenation (Eq. 4.19). CO/CO 2 hydrogenation being exothermic can result in suppression of methane formation at higher temperatures, and this has been supported by thermodynamic analysis (Wang et al., 2009 (Ebshish et al., 2012) . In fact, Nibased catalysts can easily cleave the bonds between O-H, -CH 2 -, C-C and -CH 3 -, thereby possessing high activity for hydrogenation and dehydrogenation . Siew et al. (2014) investigated the performance of Ni/Al 2 O 3 catalysts doped with La for DRG reaction at 873 K. They found that only 3% La promotion was sufficient to reduce the carbon deposition by 20%. This catalyst composition was also found to display good stability over a 72-h test run at 1023 K at a weight hourly space velocity of 3.6 × 10 -4 ml g -1 h -1 STP (Siew et al., 2015) . Kinetic studies showed that glycerol decomposition and glycerol dehydrogenation as the most probably competing route in a parallel pathway for syngas production. Methane was also produced as a byproduct from glycerol dehydrogenation. The authors proposed that CO 2 played a role in promoting RWGS reaction . In another recent study, Lee et al. (2014) investigated the use of cement clinker-supported Ni catalyst with various loadings for DRG reaction. Physicochemical analysis techniques revealed that cement clinker was a complex mixture of CaO (62%) and SiO (17%) oxide compounds. They found that Ni loadings of 20 wt% led to desirable syngas production with H 2 /CO ratio of 1.5 and low methane selectivity at 1023 K .
FUTURE PERSPECTIVES
In terms of catalyst development, there still exists room for improvement in terms of catalyst development with superior catalytic activity, selectivity and stability (minimum carbon deposition), albeit at a low cost. This can be achieved via synthesis of embedded core-shell type catalysts. The encapsulation of active metal nanoparticles in the cavities of porous structures provides an alternative feasible route for the design of core-shell type catalysts owing to their large surface area making them ideal for catalysis, as well as energy storage and conversion applications (Zhang et al., 2013) . As an example, Mo et al. (2014) developed the in situ selfassembled core-shell precursor route for synthesis of embedded core-shell catalysts having good dispersion, which is the essential factor in enhancing the catalytic activity and stability, by imparting anti-coking properties for the DRM reaction. This is a good progress in terms of industrial catalyst development. As such, fundamental studies, which can provide a clear insight in terms of molecular level understanding of the catalyst geometry and active sites, are one of the important aspects that need to be addressed. Indirectly, insights gained from the fundamental studies are correlated to the implications of cost involved in developing the catalyst, which is an important factor for process feasibility. The next factor, which requires much research, is on large-scale production of catalysts, especially nano-catalysts. Even though the catalyst synthesis may have been proven in lab scale, however, they require extensive fine-tuning for reproducibility and industrial scalability as well as the need for consideration of environmental factors involved during catalyst synthesis.
Another important limitation that needs to be addressed is in terms of the process energy requirements. The setting up of industrial processes utilizing CO 2 for reactions such as ODH and reforming is one of the long-term major goals of chemists and engineers alike, in view of the potential long-term global environmental benefits. In fact, the current gaps of knowledge stem from the reaction process energy and economic aspects. Hence, the possible solution for improving the energy aspect is via process intensification.
In fact, for steam reforming of methane, Sulzer has developed a combined static-mixer reactor consisting of heat transfer tubes as well as monolithic catalytic reactors placed within the piping (Stankiewicz and Moulijn, 2000) . In another development, micro-channel catalyst coated reactors have been developed by Velocys, also for steam reforming of methane. It was found that by employing such micro-channel reactors, considerable improvement in terms of contact time of reactor fluid with catalyst which results in 300-fold increase in production capacity/volume can be achieved (Tonkovich et al., 2007) . These developments for the steam reforming of methane reactors are especially beneficial and applicable to dry reforming of hydrocarbons/alcohol, as the nature of both steam/CO 2 -mediated reactions are endothermic. In this approach, noble metal catalysts are directly coated on the metal extended surfaces. This integration of heat transfer as well as catalytic dehydrogenation/reforming reaction can lead to supply of thermal energy to the catalysts at a rate adequate in maintaining high catalytic activity. Moreover, compared to traditional reformers, which require radiation of heat to tubes, followed by heat conduction through contact resistances to the catalysts (in pellet form) inside the tubes; the heat transfer ability in catalyzed heat exchangers can be tremendously improved (Valensa, 2009) .
In terms of process design improvements especially for industrial generation of hydrogen, an emerging technology that has tremendous advantages to offer is the precious metal monolith catalyst for advancement of new steam reformer designs (Farrauto et al., 2007) . The monoliths with "washcoats," which contain precious metals (where the precious metals are well dispersed on high surface area carriers such as thermally stabilized alumina) have excellent mechanical and chemical resistance, low pressure drop, and a more compact size compared to reactors with traditional pellets or particulate materials. The need for temperature control can be met by technological advancements in the form of catalyzed heat exchangers in the reformers. In fact, deposition of highly active noble metal catalyzed washcoat on the monolithic heat exchanger results in up to 10 times greater space velocity (reduction in reactor size) compared to traditional processes by eliminating heat transfer resistance, which govern pelletized packed bed reforming processes (Farrauto et al., 2007) . For example, Polman et al. (1999) designed a steam reformer whereby the inner reactor contain a series of plates with a metal monolithic structure which alternate between corrugated foils and flat hightemperature steel. The monolith compartments were alternatively washcoated with combustion and steam reforming catalysts. The steam reforming compartments receive the heat generated from the combustion compartment via the steel plates.
On the other hand, in order to maintain thermoneutrality of the reaction, much research has been carried out to improve the process efficiency as well as economic viability of the reactions involving utilization of CO 2 as an oxidant or as a reforming agent. In order to achieve this, supply of oxygen provides exothermal energy, which can reduce the energy requirements (Jiang et al., 2011) . However, conventional oxygen supply via the pressure swing adsorption (PSA) method requires high investment (Liang and Caro, 2011) . Besides, supply of oxygen externally in the form of molecular oxygen, gives rise to combustion of hydrocarbons (especially at high quantities) and thus may not be particularly effective for improving selectivity.
One such solution to circumvent these issues is by providing oxygen supply in situ at controlled amounts. The catalytic membrane reactor configuration combines a perm-selective membrane for separation of oxygen from air which is to be supplied to the chemical process. Catalytic membrane reactors are the strategic means for process intensification and thus markedly improving the existing replace conventional packed bed reactor based processes (Fontananova and Drioli, 2010) for CO 2 -mediated oxidative high-temperature reactions.
In terms of process, in order to enhance the conversion of CO 2 -mediated ODH reactions, controlling the contact mode of oxygen to the reactants is important to improve selectivity toward olefin production . On the other hand, the combination of DRM with partial oxidation is beneficial in tailoring the syngas product ratio of H 2 :CO to 1-2 for further downstream Fischer-Tropsch reactions.
In order to supply the required oxygen across the membrane, dense mixed ionic and electronic conducting perovskite-type membranes have much potential since external circuitry is not required (Caro et al., 2007) . The ceramic oxygen permeable membranes are highly selective to O 2 and catalyze the dissociation of O 2 molecule into oxygen ions, O 2-which permeate across the membrane based on the O 2 partial pressure gradient (Smart et al., 2014) . The membrane functions as a distributor of the oxygen, which in its ionic state promotes selectivity toward product formation. In other words, lattice oxygen supply from the mixed ionic and electronic conducting membranes inhibits combustion and the distributed mode of oxygen supply along the membrane channel further prevents formation of hot spots (Yang et al., 2013) .
For example, for CO 2 -oxidative coupling of methane reactions, a perovskite membrane which provides O 2-supply from air can selectively convert methane to C 2 products, thus avoiding gas phase reactions and deep combustion of methyl radicals. The products can be channeled to second-stage catalytic membrane reactor equipped with perm-selective membranes, which can remove H 2 from the product stream upon dehydrogenation. This inadvertently can lead to shift in equilibrium, thus allowing for higher product conversion toward more olefin production. This concept is a good platform for process intensification and overall improvements. Despite the energy savings, environmental sustainability, compact unit operation, and improved catalytic performance associated with integrated catalytic membrane reactor concept for CO 2 -mediated dehydrogenation/reforming reactions, there are however, some restrictions for industrial implementation. The main barrier lies in the fundamental issue pertaining to stability of the membrane in corrosive and reducing environment. Nevertheless, recent research developments show much focus on the design of chemically tolerant membranes. This is proven based on several successful studies on the implementation of integrated catalytic membrane reactor systems for reactions such as CO 2 -mediated reforming of methane (Slade et al., 2007; Yang et al., 2013; Kathiraser et al., 2013b) . Substantial work, however, is required to enhance the robustness as well as inherent permeability characteristics of the membrane under the harsh chemical reaction environment.
CONCLUSION
In recent years, the need to reduce escalating CO 2 emissions to the atmosphere has become increasingly important. One method that can not only reduce CO 2 emission, but also can lead to production of valuable products is by utilizing CO 2 as an oxidant. Most of the reactions utilizing CO 2 for high-temperature applications relate to the role of CO 2 as an intermediary in saturated hydrocarbon conversion to olefins with release of hydrogen molecule. The nature and properties of the catalysts such as redox or acid-base play an important role in determining the catalytic activity as well as selectivity toward olefin production. Improvements in the yield of olefins production remain a key factor, which requires much on-going research. On the other hand, utilization of CO 2 for hydrocarbon reforming offer much potential for hydrogen/syngas production. Syngas is an important building block for chemical production. Much efforts are emphasized toward synthesis of active and stable catalysts for CO 2 reforming of methane (the simplest hydrocarbon molecule but requires greatest dissociation energy compared to other hydrocarbons). In this aspect, Ni is the most widely studied transition metal for reforming process in view of its wide availability and economic cost, compared to noble metals. Various improvements in catalyst structures have been made, with much effort directed toward synthesis of highly dispersed Ni nano-catalysts. However, besides methane, much research efforts have been targeted toward reforming of sustainable renewable sources such as ethanol and glycerol. Besides, syngas/hydrogen, reforming of these alcohols can be a potential source of CNFs, which have found a niche in the market. Utilizing renewable resources pave the way toward utilizing CO 2 in an environmentally sustainable manner in order to produce valuable energy/chemicals/products, which are much need in this global age.
